Abstract-This paper presents an encoderless highperformance synchronous reluctance motor drive for traction applications. The control system is based on the active flux concept and a hybrid rotor position estimation algorithm is used, being this algorithm based on the injection of highfrequency signals at low speeds and on the position of the active flux vector for medium and high-speeds. A smooth transition algorithm between the two rotor position estimation methods is provided. Moreover, in order to improve the efficiency of the overall drive system, a loss minimization algorithm is proposed in order to reduce the motor copper losses when operating in steady-state.
I. INTRODUCTION
In recent years, the synchronous reluctance motor (SynRM) has received considerable attention by the research community due to the high-efficiency and torque density achieved with the new rotor designs. Hence, SynRM drives are now becoming a serious alternative to permanent magnet synchronous motor (PMSM) drives in those applications were a lower initial motor cost, ruggedness and a highreliability are predominant factors in the choice of the drive system [1] .
To achieve a high-torque density, SynRMs operate at a high-level of magnetic saturation, being the level of saturation dependent on the working conditions of the motor and on the control strategy adopted. In these circumstances, for a proper control of a SynRM drive, phenomena such as magnetic saturation, cross magnetic saturation and iron losses need to be taken into account in the modelling and control of such drive system. Moreover, in applications like small electric vehicles, it is very important to reduce the overall cost of the traction drive system and increase its robustness. The encoder is thus a component that should be removed, by adopting encoderless control strategies for this type of motor, able to operate satisfactorily in the entire speed range, including zero speed.
Hence, this paper deals with the modelling, control and implementation of an encordeless SynRM drive for the traction system of a small electric vehicle. A hybrid rotor position estimation algorithm is presented and a motor copper losses minimization algorithm is incorporated into the control system of the SynRM drive in order to maximize the efficiency of the drive, in order to extend the range of the target vehicle.
II. SYNRM MODELING

A. SynRM Model
The implementation of a simulation model of the SynRM drive, using equations that describe the motor behavior as accurate as possible is a crucial step to accomplish the goal of achieving a precise and robust sensorless control system. The mathematic model for the simulation of a SynRM can be built using currents or fluxes as state variables [2] [3] [4] . As the model here developed includes cross magnetic saturation effects, the choice of currents as state variables would lead to the use of the inductance derivative values, leading to a more complex model. Hence, the magnetic fluxes were chosen as state variables in the SynRM model. In these circuits, dt u , qt u and t R are given by (1). The voltage and flux equations, in dq-axes, of the SynRM model are given by (2) . 
The flux equations are given by: 
These equations are complemented with the usual equations of motion, given by
where p is the number of pole-pairs, J is the combined rotor-load inertia and e  is the electrical rotor speed.
The electromagnetic torque of the motor is given by
while the stator currents are calculated using the equations [6] [7] [8] . In this paper, these parameters were obtained using the methodology presented in [8] . The impact of cross-magnetic saturation in the values of and for the motor used in the experimental tests is shown in Fig. 3 . It is clear that for low values of current, this phenomenon cannot be neglected especially in the q-axis. In the simulation model, the variations of the two inductances were taken into account using 2D lookup tables.
The model of the motor also considers iron losses through the iron losses resistance which was obtained following the procedure presented in [4] .
III. CONTROL SCHEME There are many control strategies which have been proposed to achieve a high dynamic performance with SynRM drives. Among them we find strategies based on field oriented control (FOC) [1, 9] , direct torque control (DTC) [10] and predictive torque control (PTC) [11] . The most common control strategy based on FOC is the maximum torque per ampere (MTPA). This strategy ensures the minimization of the motor copper losses for a given torque value but it fails when dealing with sensorless algorithms that require the fundamental component of the currents, for low motor torque values. Moreover, the MTPA strategy does not allow a direct control of the flux level in the SynRM, preventing a fast torque response [12] .
To solve the above mentioned issues, as well as to have the ability to control the torque-producing flux in the SynRM, an active flux orientation control strategy was adopted [13] . As the active flux vector is always aligned with the d-axis, it can also be used to estimate the rotor position and speed with reliability. In addition, in order to achieve a high efficiency drive system, comparable to one using MTPA, a loss minimization algorithm was developed. This strategy minimizes the active flux reference in real-time for a given torque value. With these features it is possible to obtain a fast dynamic response and an accurate rotor position estimation in all operating conditions.
A. Proposed Vector Control System
By definition, the active flux a  of an ac machine is the flux that multiplied by qs i gives the torque developed by the motor [13] . The stator flux of a SynRM and the active flux are given by (8) and (9), respectively.
By entering (8) into (9) one obtains ( )
The electromagnetic torque developed by the SynRM is then calculated as
Fig . 4 illustrates the steady-state vector diagram of a SynRM, with the active flux represented in red [14] . The sensorless vector control scheme proposed in this work is shown in Fig. 5 . The distinctive features of this control system are the inclusion of a loss minimization algorithm which generates the optimum value of the active flux, as explained in a latter subsection of this paper, and the inclusion of a hybrid rotor position estimation algorithm, able to run from zero speed up to the rated speed of the motor. One algorithm for field weakening operation was also introduced in this control system.
The following subsections of the paper describe in detail each component of the control system.
B. Active Flux Observer
From previous considerations, it is clear that it is important to know the flux in the SynRM with accuracy. For this purpose, a hybrid flux observer was adopted, as illustrated in Fig. 6 .
The flux estimation is based on the integration of the back-emf at medium-high speeds, as given by (12) . At low speeds, this estimation is given by the current model as in (13) , which uses the estimated inductances and measured currents to calculate The error between the two models is fed into the proportional-integral (PI) controller, which generates the compensation voltage comp u (14) to account for estimation errors, parameter variations during motor operation and other inherent errors of the drive system [14] .
It is important to highlight the fact that the fluxes given by (12)- (13) and the estimated active flux ˆa  are expressed in a stationary reference frame.
C. Loss Minimization
The goal of using loss minimization with the active flux strategy is to operate the SynRM with an optimal flux level, achieving a maximum efficiency over a wide speed range of operation [15] .
The implemented strategy maximizes the efficiency during steady-state operation by reducing the electric power losses in the SynRM, given by 
With reference to Fig. 1 
Using (16) 
By the analysis of (17), it can be concluded that the first term represents approximately the iron losses in the motor while the second one is mainly related to the motor copper losses. As the motor used in this work is a high-efficiency one with very low iron losses, the second term in (17) dominates the first in a wide speed range. Therefore, and for the sake of simplicity, the loss minimization algorithm only considers the minimization of the second term of (17) .
Let us define M as
Rewriting (6) in terms of flux components, the electromagnetic torque is given by
Manipulating (19) 
Using dopt  in (19) one obtains qopt  . The optimum active flux value to be used as the reference flux in the control system can finally be calculated by using dopt  and qopt  in (9) .
D. Field Weakening
In certain applications like traction drives, a wide speed range is necessary. To achieve that, the motor needs to operate in the field weakening region [17] . To use the SynRM in this region, under the active flux orientation, the voltage and current limitations imposed by inverter must be taken into account. Neglecting the stator resistance of the SynRM, the voltage limit is respected by imposing a reference active flux according to the speed and the DC link voltage ( DC U ) given by:
The motor phase current is limited by the quadrature current reference according to:
where s max i is the amplitude of the motor rated current. The limitation of qs i bounds the current amplitude within the inverter limit while the limitation of the active flux amplitude ensures that the steady-state motor voltage will remain within the limits of the inverter maximum voltage.
IV. SENSORLESS SYNRM DRIVE
The rotor speed and position estimation algorithms for motor drives can be broadly grouped into two categories: (i) methods based on the fundamental-excitation terms of the motor; (ii) methods that exploit the rotor anisotropies via high frequency injection (HFI) of signals [18, 19] .
The methods that fall into the first category are usually the preferred ones as they do not interfere with the normal operation of the motor. These methods can be subdivided into four categories: (i) extended electromotive force (EMF) [20] ; (ii) estimation through the flux [21] ; (iii) Extended Kalman Filter (EKF); (iv) algebraic manipulation of SynRM equations in function of rotor angle [22] . Usually these methods cannot provide satisfactory performance at low speeds and standstill [18, 20, 23] because at reduced speeds the voltage applied to the motor is very small, being sensitive to noise, parameter variations, inverter dead-time, etc. The HFI methods, on the other hand, can provide good precision but have some drawbacks such as torque oscillation, acoustic noise, harmonic propagation and extra dc voltage consumption [18, 23] .
In order to achieve full torque controllability in the entire speed range, including zero speed, an hybrid estimator combining one method of each category can be used [14, 23] . In this paper, it is proposed a hybrid estimator with an enhanced algorithm for smooth transition between the two estimation algorithms. The method here reported combines an HFI algorithm for low speeds, including standstill, with an active flux based estimation algorithm for medium and high speeds.
A. High Frequency Injection
There are three different approaches how high frequency (HF) signals can be injected for rotor position estimation. The first is the injection of a rotational voltage vector in a stationary reference frame; the second one is the use of a rotational voltage vector in the estimated rotor reference frame, and the third method is the use of a pulsating voltage vector in the estimated rotor reference frame [24, 25] . Some studies have found that using a pulsating vector injection the estimator is more precise than using a rotational vector injection [26, 27] , thus justifying the use of this type of injection in this paper. If a pulsating voltage vector is chosen, it is advantageous to inject the signal along the daxis to avoid higher torque oscillations that could be introduced in the case of an injection along the q-axis.
In the developed drive system, a pulsating voltage vector is injected along the estimated d-axis, with an amplitude h u and frequency h  (rad/s):
The error between the actual and the estimated rotor position is defined by   , meaning that the terms corresponding to the impedance in (25) can be approximated by
where
In (27) 
In order to eliminate the fundamental component of current, to extract the HF component, a signal processing procedure similar to the one described in [28] was adopted, as illustrated in Fig. 7 . Most of the HFI schemes use more than one filter applied to the current [14, 18, 23, 24, 28] . In the proposed method, which was originally proposed in [28] for PMSMs, only one LPF is used to filter the current to avoid the lag introduced by over-filtering.
Then (29) is obtained, which is a function proportional to the position estimation error [29] .
B. Position and Speed Estimators Using the Active Flux
As the active flux vector falls along the rotor d-axis, its phase angle is equal to the rotor position and it may be caclulated by [21] 1t anˆa er a
where ˆa Fig. 8 . PLL based speed, position and load observer [14] .
The advantage of using a PLL over a PI is that the estimation is more robust to load variations and also the obtained speed signal has a lower ripple.
C. Estimator Changeover
The changeover between the two position estimation methods needs to be as smooth as possible otherwise it will affect the system stability [23] . Equation (31) defines the speed at which the transition starts, its duration in rpm and transition state, respectively. 
The function used to alleviate the transition is defined by (32) and the algorithm for the changeover is shown in Fig. 9 [29] where c  is the angle which is going to be used by the control system. 
(32) To attenuate the ominous effects of the HF injection signals, the amplitude of the injected voltage is initially 40 V (with a frequency of 1100 Hz) and then decreases as the motor speed starts to increase, according to the function [29] 40
The attenuation factor h K was set to 600 in the experimental tests documented in the following section. 
V. EXPERIMENTAL RESULTS
The model of the encoderless SynRM drive was developed in Matlab/Simulink environment and implemented in a dSPACE 1103 controller board.
The SynRM used in experimental tests is a high efficiency (IE4) 4-pole KSB motor, whose main parameters are shown in Table 1 . An induction motor of 7.5 kW fed by an inverter was mechanically coupled to the SynRM to act as a load. An encoder of 1024 ppr was used solely to evaluate the errors of the rotor position estimation algorithms. A sampling frequency of 18 kHz was used. An overview of the experimental setup can be seen in Fig. 10 Fig. 11 shows the encoderless operation of the SynRM drive at standstill, initially unloaded and then loaded with a load torque step of 95% of the rated motor torque introduced at t=0.5 s. The tracking of the initial rotor position was done via HFI.
A. Standstill Operation
As can be seen in Fig 11(a) , after a short transient period, the motor is able to maintain zero speed proving that the developed control system is able to maintain motor torque controllability at standstill. The error of the estimated rotor position is very small in steady-state (Fig 11(c) ). In transient conditions, there is some error in the rotor position estimation, although it is enough to affect the drive stability. The torque and current ripple is a consequence of the voltage HFI. This test and others, conducted at different load levels, show that this drive is capable of developing the motor rated torque at zero and low speeds, ensuring a fast acceleration needed in traction applications.
B. Speed Reversal
A speed reversal test from 1500 rpm to -1500 rpm was performed in order to evaluate the transition between the two rotor position estimation algorithms and also the transient performance of the drive system (Fig. 12) . In the initial part of the speed transition, the rotor position is estimated using the active flux algorithm, ensuring a low error for medium speeds. It is visible that when the speed becomes low, the rotor angle error introduced by this algorithm starts to increase. When the rotor speed approaches -490 rpm (t=1 s), the HFI algorithm starts to take over and reduces the rotor angle error, ensuring the motor controllability. During the acceleration phase, the HFI algorithm starts losing importance in the estimation process at 450 rpm and the active flux algorithm regains its role. It is worth mentioning that the rotor angle error in steady-state approaches zero, thus demonstrating the effectiveness of the proposed estimation processes. Fig. 13 shows the obtained results for the system with and without loss minimization in a transition from 800 rpm to 1500 rpm with 52% of rated torque. From Fig. 13(a) it can be seen that the speed response is very similar in the two situations. From Fig. 13(b) it can be seen that with the minimization strategy the torque takes more 0.1 s to reach its maximum value, because the motor needs some time for the flux to reach its nominal value a  . However the decrease in drive performance is not significant. Fig. 13(c) shows the active flux in the motor. When the minimization algorithm is used, the active flux reference is lower, thus leading to a lower ds i . When the reference speed is increased, the machine needs to develop torque and the loss minimization algorithm sets the active flux in its rated value. As soon as the machine reaches the reference speed, the need for torque decreases to 10 Nm (to maintain the load) and the algorithm calculates the new active flux reference. This causes a drop in ds i of 2.6 (A) having a big impact in the cooper losses of the machine as can be seen in Fig. 13(d) . With the minimization algorithm it was possible to decrease the losses from 200 W to 95 W having a decrease of 53% in cooper losses.
C. Speed Transition With Constant and Minimized a 
D. Constant Power Region Operation
Fig. 14 shows the obtained results for a speed step change from 1000 rpm to 1700 rpm and demonstrates the drive ability to run in the constant power region. As can be seen in Fig. 14(a) the estimated and actual speed signals are similar. In Fig. 14(b) the developed torque is presented where it can be observed that the motor can develop more than 50% of the rated torque in this field weakening zone, which proves the drive robustness. Fig. 14(c) shows the error of the estimated rotor position which is very small in steady state operation, being almost zero even above the rated speed. Fig. 14(d) shows the active flux reference where it can be seen that for speeds higher than the rated the field weakening algorithm adjusts the active flux reference to satisfy a specific condition of speed and load torque. Fig. 15(a) shows the efficiency for the SynRM operation with a constant value for the reference active flux and using the loss minimization algorithm. This test was made maintaining a constant speed of 1200 rpm while the load torque was varied between zero and the rated value. As can be seen, with a constant active flux the maximum efficiency is only achieved when the load torque is close to the rated value. On the other hand, using loss minimization it is possible to reach almost the maximum efficiency with smaller values of the load torque (above 7 Nm). Below this value of the load torque the efficiency drops because it is necessary to maintain a minimum value for the active flux in order to ensure the estimation of the rotor position. Fig. 15(b) shows the variation on the SynRM efficiency versus speed, for the two conditions (using a constant and an optimized value for the active flux). This test was made with a constant load torque of 8 Nm. The efficiency difference between the two described situations is around 5% in the medium and high speed region.
E. Efficiency Results
VI. CONCLUSION
This paper presented a robust encoderless highperformance synchronous reluctance motor drive able to operate in a wide range of speeds, aimed for traction applications. A hybrid rotor position estimation algorithm using high-frequency injection signals and the position of the active flux vector allows this drive system to have full load torque controllability at zero and very low speeds, thus overcoming one of the main drawbacks of the most common The tracking of the rotor initial position is done with accuracy using the HFI algorithm, ensuring a safe startup of the drive.
In view of the target application of the developed drive, a loss minimization strategy was developed in order to increase the efficiency of the motor in steady-state. The algorithm allows setting an optimal value for the active flux reference and, as a result, to minimize the motor copper losses when operating in steady-state conditions.
In view of the high degree of magnetic saturation found in SynRMs, an accurate characterization of the motor inductances, including the cross magnetic saturation effect, was fundamental to achieve a high performance control system.
